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Introduction {#sec001}
============

In recent years, antimicrobial-resistant pathogens have become a concern for respiratory and sensory organ infections \[[@pone.0167335.ref001]\]. However, development of novel agents has decreased, and physicians have to deal with existing agents. Alternative complementary medicine, including traditional Chinese medicine, has attracted attention as drug therapy that does not rely on antimicrobial agents. Several traditional Chinese medicines have been empirically used for the treatment of infectious diseases, while the basic scientific evidence of their usefulness is lacking. Among traditional Chinese medicines, *Oldenlandia diffusa* (Odi) has been used for inflammatory and infectious diseases, such as pneumonia, appendicitis, and urinary tract infections, as an herb that clears heat and relieves toxicity \[[@pone.0167335.ref002]\]. Odi has been empirically administered (12--24 g/day orally) for respiratory infections, along with anti-infective medicines. Moreover, Odi has been reported to also show anticancer and immunomodulating activities \[[@pone.0167335.ref003], [@pone.0167335.ref004]\].

*Haemophilus influenzae* and *Streptococcus pneumoniae* are the major causative bacterial agents of respiratory and sensory organ infections. *H*. *influenzae* type b and *S*. *pneumoniae* infections have decreased due to routine vaccination (Hib and pneumococcal conjugate vaccines), whereas the percentage of nontypeable *H*. *influenzae* infections is on the rise \[[@pone.0167335.ref005], [@pone.0167335.ref006]\]. Among respiratory infections caused by *H*. *influenzae*, bronchitis is known to be prone to severe complications \[[@pone.0167335.ref007]\]. Otitis media and sinusitis, which are sensory organ infections caused by *H*. *influenzae*, can become chronic and intractable in children \[[@pone.0167335.ref007]\]. These intractable infections may be associated with antimicrobial resistance and biofilm formation by the bacteria \[[@pone.0167335.ref008]\]. Thus, inhibition of biofilm formation has been suggested to be important for preventing chronic and intractable infections. Biofilm formation by *H*. *influenzae* is known to be associated with quorum sensing (QS) via the LuxS autoinducer system and/or QS two-component control system QseBC \[[@pone.0167335.ref009], [@pone.0167335.ref010]\]. Therefore, inhibition of these systems can result in the inhibition of biofilm formation.

In this study, to establish the basic evidence of the usefulness of Odi extract (OdiE) against infections, we analyzed growth and biofilm inhibitory effects of OdiE on clinical isolates of *H*. *influenzae*.

Materials and Methods {#sec002}
=====================

Bacterial strains, culture conditions, and chemicals {#sec003}
----------------------------------------------------

A total of 20 *H*. *influenzae* strains were randomly selected among clinical isolates obtained at the Tokyo Medical University Hachioji Medial Center between 2011 and 2013 \[[@pone.0167335.ref011]\]. *H*. *influenzae* ATCC 49247 purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) was used as a reference strain. These strains were cultured at 35°C under ambient air on chocolate agar or in brain heart infusion broth supplemented with 10 μg/mL NAD and 10 μg/mL hemin (sBHI broth).

For the autoinducer (AI)-2 bioassay, we used *Vibrio harveyi* ATCC BAA-211 purchased from ATCC. This strain was cultured at 30°C in AI bioassay (AB) medium \[[@pone.0167335.ref010]\], \[[@pone.0167335.ref012]\].

Haku ka ja zetu sou (Iskra Industry Co., Ltd., Tokyo, Japan), which is sold as a healthy food in Japan, was used as the OdiE.

Measurement of growth inhibitory activity {#sec004}
-----------------------------------------

Overnight cultures of the test strain were diluted with sBHI broth (1:100) in the presence or absence of OdiE and incubated at 35°C with shaking. The cultures were sampled at 0, 1, 2, 4, 6, 8, 12, and 24 h of incubation, and the samples were diluted with saline. The dilutions were spread on chocolate agar plates and cultured at 35°C overnight. Thereafter, the number of grown colonies was counted to calculate the number of bacterial CFU/mL in an undiluted broth culture. All experiments were performed at least three times on separate days.

Biofilm formation assay {#sec005}
-----------------------

Biofilm formation was evaluated by the crystal violet assay as reported previously \[[@pone.0167335.ref013]\]. Briefly, *H*. *influenzae* was cultured overnight in sBHI broth and diluted 1:100 in fresh sBHI. This suspension (100 μL) was transferred into a 96-well microtiter plate (Iwaki, Tokyo, Japan) and cultured for 24 h in the presence or absence of OdiE (2.5, 5, 10, and 20 mg/mL) at 35°C. Then, each well was washed three times with phosphate-buffered saline (PBS) to remove floating bacterial cells. The biofilms were stained for 20 min with 0.1% crystal violet and washed three times with PBS. The remaining crystal violet was dissolved with 200 μL of 95% ethanol, and the absorbance (630 nm) was measured in each well. The test was carried out using five wells per each assay and at least three times on independent occasions.

To evaluate its degradation activity on mature biofilm, OdiE was added to the biofilm formed as described above, and the plate was incubated for 3, 6, and 24 h at 35°C. The remaining biofilm was measured by staining with crystal violet as described above.

Semi-quantitative reverse transcription--PCR {#sec006}
--------------------------------------------

To compare mRNA levels of biofilm-associated genes (*luxS* and *qseC*), we performed semi-quantitative reverse transcription (RT)--PCR. Cultures were sampled at 0, 1, 2, 4, and 6 h after the addition of OdiE (20 mg/mL). Then, total RNA was extracted from the culture using a High Pure RNA isolation kit (Roche Diagnostics, Tokyo, Japan). PCR was performed as described previously \[[@pone.0167335.ref014]\]. GyrB-F (GGAAAATCCTGCAGATGC), GyrB-R (AAGCAACGTACGGATGTG), luxS-F (AAAAATGAACGCACCTGCAG), luxS-R (GTACACCTAAAACATCTTGC), qseC-F (TTAAATCCGTGTAATTCCGC), and qseC-R (TGAGCGTTATTTTGTGGCAG) were used as the primers. The resulting PCR products were separated by electrophoresis, and densitometric analysis was performed using the ImageJ software (<http://imagej.nih.gov/ij/>). The transcriptional level of *gyrB* was used as an internal control.

Autoinducer bioassay {#sec007}
--------------------

*H*. *influenzae* was cultured in 10 mL of sBHI overnight. Bacterial cells were centrifuged and resuspended in 10 mL of fresh sBHI to avoid the carryover of AI. The resultant suspension was diluted 10-fold in sBHI and cultured with shaking for 2 h after the addition of OdiE. Then, the bacterial cells were removed by centrifugation and filtration (pore size 0.45 μm).

*V*. *harveyi* ATCC BAA-211 was cultured in AB medium overnight and diluted 1:5,000 in fresh AB medium. Aliquots (100 μL) of this suspension were transferred into a black 96-well plate (STEM, Tokyo, Japan) and mixed with 10 μL of an *H*. *influenzae* supernatant diluted 1:2 with fresh BHI. The plate was incubated for 5 h at 30°C, and the bioluminescence signal was measured. *V*. *harveyi* incubated in BHI was included as a background control. All experiments were performed at least twice on separate days.

Statistical analysis {#sec008}
--------------------

Statistical differences were assessed by Student\'s and Welch\'s *t*-tests using the JMP software (SAS Institute, Inc., Cary, NC, USA). *P* values of \< 0.05 were considered statistically significant.

Results and Discussion {#sec009}
======================

*Oldenlandia diffusa* extract does not inhibit growth of *Haemophilus influenzae* {#sec010}
---------------------------------------------------------------------------------

To determine whether OdiE could inhibit the growth of *H*. *influenzae*, *H*. *influenzae* ATCC 49247 and clinical isolate 2013--86 were cultured in the presence or absence of OdiE, and the numbers of bacterial cells were counted at different time points ([Fig 1](#pone.0167335.g001){ref-type="fig"}). In the presence of 20 mg/mL of OdiE, the number of bacterial cells decreased at 4 h of incubation for both strains, but there were no significant differences with the control after 6 h. Moreover, the numbers of bacterial cells did not decrease in the presence of 10 mg/mL of OdiE. These data suggested that OdiE had a weak antibacterial activity, which was not sufficient to inhibit the growth of *H*. *influenzae*.

![Growth of *H*. *influenzae* with or without *Oldenlandia diffusa* extract.\
Each experiment was performed three times on separate occasions, and the data are shown as the mean ± standard deviation (SD). The *P* value was calculated by the Welch\'s *t*-test. OdiE, *Oldenlandia diffusa* extract](pone.0167335.g001){#pone.0167335.g001}

*Oldenlandia diffusa* extract inhibits biofilm formation by *Haemophilus influenzae* {#sec011}
------------------------------------------------------------------------------------

To examine the effect of OdiE on biofilm formation, we first screened the 20 clinical isolates selected for their biofilm formation ability by the crystal violet assay (Data not shown). Based on this screening, two isolates (2013--86 and 2013--28) with a biofilm formation ability and one isolate (2011--130) with a weak biofilm formation ability were selected ([Fig 2](#pone.0167335.g002){ref-type="fig"}). All isolates were typed as nontypeable. Two isolates showed susceptibility to β-lactams, macrolides, and levofloxacin, and one isolate showed resistance to β-lactams ([Table 1](#pone.0167335.t001){ref-type="table"}). To test whether OdiE could inhibit biofilm formation, the biofilm amount was measured in the presence or absence of OdiE. Biofilm formation by *H*. *influenzae* 2013--86 was significantly reduced in the presence of OdiE in a concentration-dependent manner ([Fig 2](#pone.0167335.g002){ref-type="fig"}, *P* \< 0.01). Furthermore, we observed *H*. *influenzae* 2013--86 under a phase-contrast microscope (×1,000) to examine the presence of bacterial cells after washing the wells with PBS. In the presence of 20 mg/mL of OdiE, the number of bacterial cells was clearly smaller than that in the control ([Fig 3](#pone.0167335.g003){ref-type="fig"}), indicating that the formation of biofilm was suppressed by the addition of OdiE. Similar results were obtained for the other biofilm-forming *H*. *influenzae* clinical isolates ([Table 1](#pone.0167335.t001){ref-type="table"}).

![Biofilm formation assay.\
Biofilm formation was evaluated by the crystal violet assay. (A), Screening for biofilm formation. *H*. *influenzae* ATCC 49247 and 2013--72 represented non-biofilm-forming bacteria. (B), Biofilm formation with or without OdiE. The upper panel shows a photograph of each well after adding 95% ethanol. Each experiment was performed three times on separate occasions, and the data are shown as the mean ± SD. *P* values were calculated by the Student\'s *t*-test. Dotted line shows the cutoff value for biofilm formation in this study.](pone.0167335.g002){#pone.0167335.g002}

![Phase-contrast light microscopic images of *H*. *influenzae* 2013--86 (magnification ×1,000).\
*H*. *influenzae* 2013--86 was cultured in a 24-well plate, and each well was washed with PBS three times to remove planktonic bacteria. (A) without OdiE (B) with 20 mg/mL of OdiE.](pone.0167335.g003){#pone.0167335.g003}
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###### Antimicrobial susceptibility and biofilm formation ability of *Haemophilus influenzae* clinical isolates.

![](pone.0167335.t001){#pone.0167335.t001g}

  Strain      Isolation site   Serotype[^a^](#t001fn001){ref-type="table-fn"}   Minimum inhibitory concentration (μg/mL)[^b^](#t001fn002){ref-type="table-fn"}   Biofilm formation (OD~630~) [^c^](#t001fn003){ref-type="table-fn"}   *P* value[^d^](#t001fn004){ref-type="table-fn"}                                                        
  ----------- ---------------- ------------------------------------------------ -------------------------------------------------------------------------------- -------------------------------------------------------------------- ------------------------------------------------- --- ------- -------- --------------- --------------- ---------
  2013--28    Nasal cavity     Nontypeable                                      0.125                                                                            0.125                                                                ≤0.063                                            2   0.25    ≤0.063   0.253 ± 0.061   0.096± 0.032    \<0.001
  2013--86    Nasal cavity     Nontypeable                                      0.25                                                                             0.25                                                                 ≤0.063                                            4   0.5     ≤0.063   0.292 ± 0.047   0.098 ± 0.032   \<0.001
  2011--130   Nasal cavity     Nontypeable                                      8                                                                                4                                                                    1                                                 2   0.125   ≤0.063   0.193 ± 0.025   0.104 ± 0.039   \<0.001

^a^Serotype was determined by PCR

^b^minimum inhibitory concentration was measured by the broth dilution method according to the Clinical and Laboratory Standards Institute guidelines

^c^mean ± SD

^d^*P* values were calculated by the Student\'s *t*-test.

To test whether OdiE could exfoliate the formed biofilm, OdiE was added to the formed biofilm, and the amount of biofilm was quantified. The amount of biofilm did not decrease at any concentration of OdiE ([Fig 4](#pone.0167335.g004){ref-type="fig"}). These data showed that OdiE could inhibit the formation of biofilm by *H*. *influenzae* but could not exfoliate the formed biofilm.

![Exfoliative activity of OdiE on biofilm of *H*. *influenzae* 2013--86.\
(A) analysis scheme (B), 3 h after adding OdiE (C) 6 h after adding OdiE (D) 24 h after adding OdiE. Each experiment was performed three times on separate occasions, and the data are shown as the mean ± SD. The *P* value was calculated by the Student\'s *t*-test.](pone.0167335.g004){#pone.0167335.g004}

*Oldenlandia diffusa* extract inhibits biofilm formation by suppressing LuxS {#sec012}
----------------------------------------------------------------------------

LuxS and the two-component control system QseBC are known to be involved in biofilm formation by *H*. *influenzae* \[[@pone.0167335.ref015]\]. Therefore, we investigated whether OdiE affects the mRNA levels of these two genes (*luxS* and *qseC*) using RT--PCR. The mRNA level of *luxS* was significantly reduced soon after the OdiE addition, and the suppressive effect continued for at least 2 h, whereas the mRNA level of *qseC* did not change ([Fig 5](#pone.0167335.g005){ref-type="fig"}). These results suggested that OdiE inhibits biofilm formation by suppressing its early stage via suppression of *luxS* expression.

![Transcript levels of *H*. *influenzae* 2013--86 biofilm-related genes.\
Transcript levels of *luxS* and *qseC* were evaluated by semi-quantitative RT--PCR. Relative expression was calculated in comparison with the transcription level of *gyrB*. Each experiment was performed three times on separate occasions, and the data are shown as the mean ± SD. The *P* value was calculated by the Student\'s *t*-test.](pone.0167335.g005){#pone.0167335.g005}

The *luxS* gene is known to be essential for the generation of AI, which is the signal molecule of QS \[[@pone.0167335.ref016]\]. Since the amount of *luxS* mRNA was reduced by the OdiE addition, we investigated whether the amount of AI was changed using the AI assay with *V*. *harveyi* ATCC BAA-211. By the addition of OdiE, the luminescence was significantly reduced in a dose-dependent manner ([Fig 6](#pone.0167335.g006){ref-type="fig"}), indicating that the amount of AI was reduced. Therefore, these data showed that OdiE reduced the secretion of AI by inhibiting the transcription of *luxS* in *H*. *influenzae*, which resulted in a biofilm suppression effect.

![*Oldenlandia diffusa* extract inhibits autoinducer production.\
The autoinducer in the medium was measured by a bioassay using *Vibrio harveyi* ATCC BAA-211. Each experiment was performed twice on separate occasions, and the data are shown as the mean ± SD. The *P* value was calculated by the Student\'s *t*-test.](pone.0167335.g006){#pone.0167335.g006}

Odi has been empirically used as an adjunctive agent for treatments of respiratory infections, such as common cold, for a long time. Interestingly, the unique features revealed in this study, i.e., the OdiE ability to inhibit the biofilm formation but not the growth of *H*. *influenzae*, are consistent with the empirical usage of OdiE. Therefore, our study confirmed the empirical role of OdiE through basic research.

In the bacteriological aspect, agents exhibiting such properties have been rare. In general, a drug that shows biofilm inhibitory effects also shows antimicrobial activity \[[@pone.0167335.ref017]\], \[[@pone.0167335.ref018]\]. For example, macrolides are known as antimicrobial agents that also show a biofilm inhibitory activity. In fact, macrolides have been used to treat chronic sinusitis for a long time \[[@pone.0167335.ref019]\]. The use of antimicrobial agents has been known to lead to an increase of resistant strains by preventing growth of susceptible strains \[[@pone.0167335.ref020]\]. Actually, macrolide resistance has been increasing not only among *H*. *influenzae* strains but also among *S*. *pneumoniae* and *Mycoplasma pneumoniae* \[[@pone.0167335.ref001]\]. Since OdiE does not affect bacterial growth, the risk of the emergence of resistant bacteria may be very low.

For an adjunctive therapy agent, its toxicity to humans is a very important factor. A previous study has indicated that OdiE showed toxic effects on cancer cell lines but not on normal cell lines \[[@pone.0167335.ref021]\], and the IC~50~ values ranged from 7 to 25 mg/mL \[[@pone.0167335.ref021]\]. Therefore, this strongly suggested that OdiE did not show toxicity for normal cells.

Thus, our data suggested that Odi might have preventive effects on chronic and intractable infections caused by *H*. *influenzae* via prevention of biofilm formation. In the future, it is necessary to analyze the action of Odi against other respiratory pathogenic bacteria, such as *S*. *pneumoniae* and *Moraxella catarrhalis*.

Our study indicated that *O*. *diffusa* could inhibit the biofilm formation by *H*. *influenzae* via suppression of *luxS* transcription, which supports the usefulness of the herb as an adjunctive therapy against respiratory infections.
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